Exposure to fine particulate matter (PM 2.5 ) is known to harm public health. In China, after implementation of aggressive emissions control measures under the Action Plan of Air Pollution Prevention and Control (2013-2017), air quality has significantly improved. In this work, we investigated changes in PM 2.5 exposure and the associated health impacts in China for the period 2013-2017. We used an optimal estimator of PM 2.5 combining in-situ observations, satellite measurements, and simulations from a chemical transport model to derive the spatial and temporal variations in PM 2.5 exposure, and then used welldeveloped exposure-response functions to estimate the premature deaths attributable to PM 2.5 exposure. We found that national population-weighed annual mean PM 2.5 concentrations decreased from 67.4 μg m −3 in 2013 to 45.5 μg m −3 in 2017 (32% reduction). This rapid decrease in PM 2.5 pollution led to a 14% reduction in premature deaths due to long-term exposure. We estimated that, during 2013-2017, the premature deaths attributable to long-term PM 2.5 exposure decreased from 1.2 million (95% CI: 1.0, 1.3; fraction of total mortality: 13%) in 2013 to 1.0 million (95% CI: 0.9, 1.2; 10%) in 2017. Despite the rapid decrease in annual mean PM 2.5 concentrations, health benefits associated with reduced long-term exposure were limited, because for many cities, the PM 2.5 levels remain at the portion where the exposure-response function is less steeper than that at the lowconcentration end. We also found that the deaths associated with acute exposure decreased by 61% during 2013-2017 due to rapid reduction in the number of heavily polluted days. Our results confirm that clean air policies in China have mitigated the air pollution crisis; however, continuous emissions reduction efforts are required to protect citizens from air pollution.
Introduction
Exposure to air pollution, especially fine particulate matter (PM 2.5 ), has been identified as a leading cause of harm to public health. A study on the global burden of disease estimated that PM 2.5 caused 4.2 million deaths in 2015 (Cohen et al., 2017) . In China, frequently occurring haze episodes have attracted public attention since 2013 and are known to have caused a large number of acute deaths in some major regions, such as the North China Plain (Gao et al., 2015 (Gao et al., , 2017 and
Yangtze River Delta (YRD) . Across China, long-term exposure to PM 2.5 was the fourth-largest contributing factor to total mortality risk (Yang et al., 2013) , and was reported to have been responsible for approximately 1.3 million premature deaths in 2010 (Xie et al., 2016) . The heavy burden of diseases has been majorly attributable to anthropogenic emissions, particularly the coal-burning in China (GBD MAPS Working Group, 2016) .
To mitigate severe air pollution and protect public health, the State Council of the central government of China launched the National Air Pollution Prevention and Control Action Plan in 2013, and developed 10 emission control strategies that were more stringent than any previous measures. In response, local governments have taken various steps to reduce PM 2.5 concentrations. To meet long-term targets, most provinces and municipalities committed to reduce annual concentrations of PM 2.5 or PM 10 by up to 25% from 2013 to 2017 (Cai et al., 2017) , and measures such as a coal consumption cap, optimization of energy structure, and the adoption of new vehicle and industrial emissions standards were implemented to reduce anthropogenic emissions of atmospheric pollutants . Emergency responses to heavy and severe pollution, including school closures, the suspension of factory production, and traffic restrictions, were implemented to avoid acute harm from haze episodes in the short-term (Lin et al., 2016) . Observations of PM 2.5 by a national monitoring network demonstrated reductions in annual mean PM 2.5 concentrations and the frequency of haze episodes in many provinces (Huang et al., 2018; Liu et al., 2018; Sun et al., 2018) .
Satellite remote sensing data have been widely used in previous studies to estimate PM 2.5 trends over China (Chen et al., 2018; Lin et al., 2018; Ma et al., 2015) . For instance, Lin et al. (2018) estimated annual average PM 2.5 concentrations in China from 2001 to 2015, and confirmed a decreasing trend in long-term exposure during recent years (2011) (2012) (2013) (2014) (2015) . Several studies to date have estimated the burden of disease attributable to long-term exposure to ambient PM 2.5 in China based on in-situ PM 2.5 observations by the national monitoring network, as well as satellite-derived PM 2.5 concentrations (Huang et al., 2018; Liu et al., 2016; Liu et al., 2017; Liu et al., 2018; Song et al., 2017; Xie et al., 2016; Wang et al., 2018) . Health assessments based on monitoring data were limited to the city level (Huang et al., 2018; Song et al., 2017) . Therefore, satellite-based assessments are necessary to evaluate the long-term health impacts of PM 2.5 for the whole population. Using a similar methodology, we quantified the long-term health benefits associated with the National Air Pollution Prevention and Control Action Plan in our previous study, in which we reported that the action plan (1) significantly reduced annual average populationweighted PM 2.5 concentrations by 18% from 2013 to 2015, and (2) prevented approximately 73000 premature deaths per year .
Epidemiologic studies have linked increased risk of deaths to either long-term, or short-term exposure to PM 2.5 (Analitis et al., 2006; Lepeule et al., 2012; Pope et al., 2006 Pope et al., , 2014 . The United States Environmental Protection Agency (US EPA) systematically evaluated epidemiologic evidence of the health effects of particulate matter exposure and concluded that there was a causal relation between mortality and cardiovascular effects of either short-or long-term PM 2.5 exposure (US EPA, 2012) . A recent study provided further evidence that the short-term mortality effect of PM 2.5 was statistically significant after adjusting the long-term risk of PM 2.5 (Shi et al., 2016) . The study confirmed the theory proposed by Künzil et al. (2001) , that part of acute deaths attributable to PM 2.5 can be overlooked by risk assessments based on the cohort studies of the chronic exposures. Therefore, as well as the health benefits associated with reduction of long-term PM 2.5 exposure, the action plan could also decrease the frequency of haze events and thus prevent the acute deaths that occur immediately after these episodes. It is worth to quantify the acute burden of diseases of PM 2.5 exposures to comprehensively understand the health benefits attributable by the action plan.
The risk assessment of haze episodes relies on PM 2.5 estimates with complete spatiotemporal coverage, such as those simulated in chemical transport models (CTMs) (Gao et al., 2015; Wang et al., 2015) . However, CTMs may suffer from biases due to uncertainties in input emissions and chemical/physical processes (Gao et al., 2017) . Recent studies have combined information from satellite remote sensing, CTMs, and ground observations, to take advantage of multiple data sources (Di et al., 2016; Shaddick et al., 2018; Van Donkelaar et al., 2016; Xue et al., 2017) . The combined models improved the accuracy of exposure estimates with full spatial and temporal coverage . In our previous study, we developed daily estimates of PM 2.5 by combining in-situ PM 2.5 observations, satellite remote sensing data, and simulations using the community multi-scale air quality (CMAQ) model in a regular 0.1°grid across China . The combined estimator was shown to be more accurate than the original CMAQ simulations, and was able to fully capture spatiotemporal variations in PM 2.5 . We then use these PM 2.5 estimates to evaluate the mortality burden attributable to long-term PM 2.5 exposure, and to extend the timeframe of our previous assessment to encompass the entire period covered by China's clean air policy (i.e., 2013-2017) . We also conducted a sensitivity analysis to estimate the acute deaths due to PM 2.5 exposures, to emphasize the health benefits from the mitigation of heavy-polluted days.
Methods and data 2.1 PM 2.5 exposure estimates
In this work, we used the three-stage model developed in our previous study to estimate ground surface PM 2.5 concentrations; the model combines in-situ observations, satellite-based estimates, and CMAQ-simulated data and is described only briefly here. In stage 1, we first developed two linear mixed effect models with spatially varying coefficients (LME SC ). One model was used to regress in-situ PM 2.5 with MODIS AOD and auxiliary variables, i.e., temperature, wind speed, wind direction, relative humidity, surface pressure, planetary boundary layer height, normalized difference vegetation index, satellite-based NO 2 column density, and nightlight data; the other model was used to calibrate CMAQ-simulated PM 2.5 using in-situ observations. The input data sources are documented in the Appendix (https://link.springer.com). In stage 2, we combined the two estimators in the aforementioned LME SC models using a maximum likelihood method. In stage 3, we incorporated the stochastic components of PM 2.5 into the final estimations through adding the spatiotemporally interpolated residuals to the maximum likelihood estimator. Further details of this approach can be found in Xue et al. (2017) . The data generated from the three-stage model have been used to assess the health impacts associated with longterm exposure to PM 2.5 , and have also been applied in other epidemiological studies (Guan et al., 2018) in China.
To evaluate the accuracy of the combined estimations, we applied an isolated-site cross-validation approach, which randomly selected~10% of the monitors located at least 25 km away from all other monitors as the testing sites. All in-situ PM 2.5 values from these testing sites were used to examine the predictions of the model, which was trained using the other observations. Details of the validation results are presented in the supplement (Appendix Figure S1 ). Briefly, the fused estimates were in good agreement with the independent in-situ observations at daily, monthly, and yearly timescales, with correlation coefficients (R 2 ) of 0.72, 0.79, and 0.76, respectively. For more details of the algorithm and validation approach, please refer to our previous publication . For health impact assessments, we further derived county-level values using areaweighted averages of the gridded PM 2.5 .
Premature mortality due to long-term exposure
We calculated the cause-specific premature deaths attributable to long-term exposure to PM 2.5 based on the widely used integrated exposure-response (IER) model (Burnett et al., 2014) , developed in the Global Burden of Disease Study. For adults (age ≥25 years), the IER considers four major health outcomes, namely lung cancer (LC), chronic obstructive pulmonary disease (COPD), ischemic heart disease (IHD), and stroke, and determines multiple cohort-based associations between the cause-specific mortalities and longterm average PM 2.5 levels after a lag period of 1 or several years. Based on our understanding, the long-term PM 2.5 exposure in a certain year cause damage in health, which will increase the probability of death during a period of several years after the exposure. However, the time of death (or the survived time after exposure) are not specified in the current IER model. Therefore, in following sections, we utilized the term, "deaths attributable to long-term PM 2.5 exposure in a certain year", to denote all the increased amount of lifelong mortality risk among the exposed population, compared to a counterfactual scenario, where the population are unexposed to PM 2.5 during the same year. In the IER model, the relative risk (RR) for each outcome can be quantified by eq. (1):
where C denotes annual PM 2.5 exposure, C 0 denotes the theoretical minimum-risk concentration of PM 2.5 , and α, γ, and δ are tuning parameters that determine the curvature of the exposure-response function (ERF). To characterize the uncertainty in the ERFs, the IER model generates 1000 Monte Carlo-simulated sets of C 0 , α, γ, and δ for each health outcome. We used eq. (2) to quantify the total number of premature deaths attributable to long-term PM 2.5 in 1 year:
where i denotes the index of the county, j denotes the index of subpopulations based on age, sex and area of residence (urban/rural), k denotes the index of the four diseases, LD i,j,k denotes the long-term-PM 2.5 -attributed premature deaths caused by the kth disease among the jth subpopulation in the ith county, P i,j denotes the size of the subpopulation, B j,k denotes the baseline mortality rate of the kth disease among the jth subpopulation at the national level, and C i denotes the annual concentration of PM 2.5 at the county level. Since the IER model provides sex-and age-specific ERFs, we evaluated the long-term impacts of PM 2.5 exposure by subpopulation, which were obtained from the most recent census in 2010. We also obtained subpopulation-specific mortality rates for LC, COPD, IHD, stroke, and overall rates, in 2013 from the Ministry of Health of China. We quantified the uncertainty in LD using a Monte Carlo simulation. Because the uncertainties in census data and annual baseline health data were insignificant compared to the uncertainty in the ERFs, we mainly focused on the uncertainty in RRs in the Monte Carlo analyses.
Premature mortality due to acute PM 2.5 exposure
To illustrate the benefits from the mitigation of PM 2.5 epi-sodes, we conducted a sensitivity analysis to quantify the premature deaths attributable to short-term exposure to air polluted by PM 2.5 in China using a classic risk assessment method, which has been used by the US EPA and in previous studies (Gao et al., 2015 (Gao et al., , 2017 Wang et al., 2015) . Briefly, we applied a log-linear ERF between short-term PM 2.5 and the total mortality rate, which was derived from a recent meta-analysis of related epidemiological studies in China (Lu et al., 2015) . We used the following equation to calculate the premature deaths attributable to short-term PM 2.5 in 1 day:
In this equation, SD i,j denotes the short-term-PM 2.5 -attributable premature deaths among the jth subpopulation in the ith county, (B j /365) denotes the daily baseline total mortality rate, DD i,j denotes the approximate number of deaths per day among the jth subpopulation in the ith county, β denotes the logarithm of RR for the association between total mortality and the per unit increase in PM 2.5 , and C 0 denotes the theoretical minimum-risk concentration for short-term effects of PM 2.5 , which was set to 75 μg m −3 according to the National Ambient Air Quality Standards (NAAQS) of China. Therefore, in the assessment of short-term effects, we quantified the risks attributable to PM 2.5 levels exceeding this threshold. The daily SD data can be summed to yield the short-term premature death rate, on an annual basis or for specific time periods. The uncertainty in SD was also calculated using the Monte Carlo simulation, in which we assumed a normal distribution for β and a Poisson distribution for DD i,j .
Results

Reductions in annual mean exposure to PM 2.5
We calculated population-weighted average (PWA) PM 2.5 concentrations at the county-level in China. As shown in Figure 1a , . The spatial distribution of annual average PM 2.5 concentrations confirmed the notable air quality improvements in most populous areas of China (Figure 2a-2e ). However, there are spatial variations in the reductions in PM 2.5 concentrations. Air pollution hotspots, such as the North China Plain, Sichuan Basin and Yangtze Plain, achieved larger reductions in PM 2.5 concentrations ( Figure  2f ) than other regions, reflecting differences in emission control measures or meteorological conditions. For the three Figure 1a ). According to different baseline pollution levels in 2013, the local governments of the BTH, YRD, and PRD regions committed reductions in annual average PM 2.5 concentrations of 25%, 20% and 15%, respectively. Our results indicate that all three regions achieved their targets, with reductions of 37%, 34%, and 28% for BTH, the YRD, and the PRD, respectively, all of which exceeded the targets. However, with the exception of the PRD region, annual average PM 2.5 concentrations in 2017, at the national level and in the BTH and YRD regions, still exceeded the ambient air quality standard of 35 μg m −3 , which poses challenges for future mitigation. Detailed maps of the decreasing trends and province-level summaries are presented in Appendix Figures  S2 and S3 .
Changes in distribution of long-term exposure to PM 2.5 are illustrated in Figure 3 . The interquartile range (IQR; defined as the difference between the first and third quartiles) cor-responds to the PM 2.5 levels for the middle 50% of a given population. During the study period, the IQR (50.3-81.6 μg m −3 in 2013; 34.1-56.7 μg m −3 in 2017) decreased year-on-year, corresponding to reductions in longterm exposure to PM 2.5 . From 2013 to 2017, an additional 225 million residents (16.9% of the total population) were exposed to PM 2.5 levels below the national ambient air quality standard of 35 μg m −3 .
Reductions in short-term exposure to PM 2.5
To assess short-term exposure to ambient PM 2.5 , we first evaluated PM 2.5 episodes by county, and then calculated the PWA on national and regional scales (Figure 1b) ). In 2017, the respective numbers of days were 51 (13.9%) and 8 (2.2%). The regional results showed consistent trends during this period. In the BTH, YRD and PRD regions, the proportion of polluted days decreased from 56.1%, 30.4%, and 17.0% in 2013 to 27.0%, 11.6%, and 3.7% in 2017, respectively; the proportion of heavily polluted and above days decreased from 19.4%, 6.6%, and 0.2% to 7.4%, 1.0%, and 0.1%, respectively. Due to the reliance on heavy industry and frequent unfavorable meteorological conditions, the number of haze episodes in the BTH region is markedly higher than in the YRD and PRD regions. Despite significant reductions during 2013-2017, PM 2.5 concentrations still exceeded 150 μg m −3 on 7.4% of the days.
Changes in distributionof short-term PM2.5 exposure also reflect emission control measures and public alerts issued on heavily polluted days (Figure 3b ). The IQR decreased from 36.8-83.1 μg m −3 in 2013 to 22.0-56.6 μg m −3 in 2017.
During 2013-2017, the frequency of polluted events decreased by 219 million person-years.
Reductions in premature deaths attributable to long-term PM 2.5 exposure
Nationwide, the number of premature deaths attributable to long-term exposure to PM 2.5 in 2013 was 1.2 million (95% confidence interval [CI]: 1.0, 1.3), accounting for 13% of total number of deaths. In comparison, premature deaths in 2017 were reduced by 14% (95% CI: 11, 16) due to reductions in long-term exposure to PM 2.5 (Figure 4) . Deaths due to PM 2.5 exposure varied by region, principally based on the population size and ambient PM 2.5 levels. Among the three major metropolitan areas in China, the YRD is the most populous (135 million residents, with a total mortality rate of 6‰) and had the largest number of PM 2.5 -attributable deaths (160000) in 2013; BTH (90 million residents, with a total mortality rate of 5‰) was the most-polluted region ( Figure  2 ) and had 100000 premature deaths; the PRD was somewhat less polluted ( Figure 2) and is the least populous of the three regions (43 million residents, with a total mortality rate of 4‰); thus, it had the lowest number of premature deaths accordingly (28000). Due to the supralinear curvature of the ERF (Appendix Figure S4a) , the avoided risk of mortality for per fraction reduction of PM 2.5 (from 2013 to 2017) was inversely proportional to the pollution level (Appendix Figure S4b ). Therefore, the relative reduction in deaths was lowest in BTH (11%), followed by the YRD (14%), and PRD (14%) regions, indicating the necessity for further reductions in PM 2.5 concentrations to achieve significant public health benefits. Detailed maps of the long-term health impacts and benefits are presented in Appendix Figure S5 .
Discussion
Short-term vs. long-term impacts
Due to the differences in types of deaths and their occurrence time, the long-term and short-term results are not additive to each other, and should be interpreted separately. Because evaluations based on either long-term or short-term result alone may underestimate the health impacts (Künzli et al., 2001; Shi et al., 2016) , we also conducted a sensitivity analysis to present the two types of results ( Figures 5 and 6c ) in parallel to comprehensively assess the health benefits of China's clean air actions. The numbers of premature deaths attributable to short-term exposure to PM 2.5 during 2013 were estimated as follows: 37000 (95% CI: 28000, 47000) nationwide, 7600 (95% CI: 5600, 9700) in BTH, 5000 (95% CI: 3700, 6400) in the YRD, and 280 (95% CI: 200, 360) in the YRD, and 280 (95% CI: 0.20, 0.36) in the PRD (Figure 5a ). Since we only quantified the health impact of PM 2.5 levels that exceeded the NAAQS, premature deaths were clustered mainly in heavily polluted regions such as BTH. With reduced frequency of haze episodes, large numbers of acute deaths were prevented. In 2017, the number of premature deaths attributable to shortterm exposure to PM 2.5 nationwide was 15000 (95% CI: 11000, 18000), which is only 39% of the 2013. On a regional scale, in 2017, the number of premature deaths in the BTH, YRD and PRD regions declined by 4700 (62%), 3900 (78%) and, 230 (81%), respectively (Figure 5b) .
We compared the health benefits of reductions in long-and short-term PM 2.5 exposure, and found that in the more polluted regions, such as BTH and the YRD, the number of premature deaths prevented due to reduced short-term PM 2.5 exposure (Figure 5b ) was comparable to that attributable to reduced long-term PM 2.5 exposure (Figure 6c ). In the BTH region, the number of deaths prevented by reduced shortterm exposure to PM 2.5 (4700) was larger than that associated with reduced long-term exposure for any single disease (e.g., 3700 for stroke). This suggests that when evaluating the health benefits of emission control policies, the effects of reduced short-term exposure to PM 2.5 should not be ignored. Moreover, the reduction of deaths attributable to short-term PM 2.5 exposure (61%) was much higher than that attributable to long-term exposure (14%). Regardless of the potential limits in the risk assessment models, during 2013-2017, pollution-reducing measures might be more effective at the acute versus chronic level, owing to the relatively high air pollution in China and the supralinear long-term exposureresponse relationship at high PM 2.5 levels (Appendix Figure  S4a ). Therefore, China still faces large challenges in reducing the burden of disease attributable to chronic exposure to PM 2.5 , where there were 1 million premature deaths in 2017. Further measures to reduce long-term exposure to PM 2.5 should be taken to achieve substantial improvements in public health. However, it is worth to highlight that our findings were based on the validities of the current wellestablished ERFs, which remain far from conclusive. Therefore, our results aim to support the policymakers based on the best-available epidemiological evidences, and should not be over-interpreted.
Uncertainties and limitations
The results of this study are consistent with our previous work and several other studies (Liu et al., 2016; Liu et al., 2017; Xie et al., 2016) , but the exposure estimates and health assessments were subject to some limitations and uncertainties. First, although we attempted to minimize errors in PM 2.5 estimations by combining multiple sources of data, these could not be avoided completely, particularly with respect to short-term exposure. The comparison between estimated and observed PM 2.5 levels (Appendix Figure S1 ) indicated that the variation in PM 2.5 may have been underestimated. Second, in the assessment of health impacts, we ignored the influence of demographic changes (including population aging, migration, etc.) and other factors that might affect baseline mortality rates (e.g., availability of medical services) due to limited data. Under the assumption of a constant population, our results reflect changes in public health status attributable solely to variations in PM 2.5 concentrations during the study period. Actual changes in disease burden attributable to changes in PM 2.5 exposure levels are also determined by population characteristics (e.g., demographic characteristics and baseline health status), and may differ from our results. Third, due to the limited evidence of associations between PM 2.5 levels and health outcomes, the current ERFs have wide CIs, corresponding to large uncertainties in premature death estimates. Furthermore, in the best-available models, the curvature of ERFs were based on empirical presumptions, which may introduce biases into our findings. For instance, the curvature of IER functions depended on the effect of high PM 2.5 levels, which were approximated by the effect of cigarette particles. The approximation might not only increase uncertainties in the risk assessment results but also impeded elaborate analyses based on the accurately-estimated curvatures (e.g., figuring out the concentration where the ERF shits from the flat to the steep portion). Additionally, we may not have adequately modeled the complexities in health impacts of PM 2.5 exposure (Guan et al., 2018) . For instance, although the IER model considered variations in ERFs by age and sex, it may not have fully accounted for variation in susceptibility to the adverse effects of PM 2.5 by socioeconomic status, genetic factors, etc. (Bell et al., 2013) . Finally, in the assessment of the short-term health effects of PM 2.5 exposure, we used a minimum-risk PM 2.5 concentration of 75 μg m −3 , according to China's current environmental standard, but to our knowledge there is no definitive threshold for determining the acute effects of PM 2.5 exposure. It is possible that short-term exposure to PM 2.5 levels below 75 μg m −3 could still be harmful; therefore, our results may have underestimated the absolute mortality risk of short-term PM 2.5 exposure.
Policy implications
Facing widespread and severe air pollution, in 2013 the Chinese government launched the National Air Pollution Prevention and Control Action Plan (2013-2017) , which was more stringent than any preceding legislation. A series of measures, including comprehensive management and treatment of emissions, optimization of the industrial sector, and adjustment of energy consumption patterns, were implemented nationwide to control air pollutant emissions from various sectors. In this work, we confirmed that the reduction targets for particulate air pollution were achieved during 2013-2017 and, in most of the provinces surveyed, the actual reductions in annual concentrations of PM 2.5 in fact exceeded the targets ( Figure 6 ). We estimated that population-weighted PM 2.5 concentrations decreased by 32% during 2013-2017, confirming the effectiveness of the emissions control measures. In addition to emission control measures, emergency response measures were introduced by local governments to reduce the severity of pollution episodes and protect public health, including restricting on-road traffic, limiting industrial production, and shutting down construction sites, etc. Due to both regular and emergency response measures, we estimated that the national population-weighted polluted days (defined as daily mean PM 2.5 concentration >75 μg m −3 ) decreased from 110 days in 2013 to 51 days in 2017.
Rapid decreases in PM 2.5 exposure yielded remarkable long-and short-term health benefits. We found that, although more premature deaths attributable to long-versus shortterm exposure were prevented, short-term negative health impacts of PM 2.5 are decreasing at a faster rate than longterm health impacts, because of greater reductions in haze episodes than in annual average PM 2.5 concentrations, as well as the linear ERF curve for short-term health effects. Typically, short-term health effects onset almost immediately (i.e., within a few days) after PM 2.5 exposure, such that emergency response measures can yield immediate health benefits to the public. Long-term health impacts often manifest a few years after PM 2.5 exposure, and in this respect the ERF curve for long-term health effects was presumed to be supralinear. Thus, the relative reduction of long-term premature deaths was lower than that of short-term premature deaths for most of the surveyed provinces in China (Appendix Figure S6 ). In 2017, 61% of premature deaths attributable to short-term PM 2.5 exposure were prevented, versus only 14% of premature deaths attributable to longterm exposure. Therefore, in the first phase of China's clean air policy, despite a dramatic decrease in haze episodes and short-term negative health effects, the annual ambient PM 2.5 concentrations in most metropolitan areas still exceed the ambient air quality standard of 35 μg m −3 , and are higher than the level required to effectively protect the health of the general public. More aggressive and stringent measures are needed to further mitigate air pollution. When annual average PM 2.5 concentrations are reduced, the currently marginal long-term health benefits will increase markedly. Currently, regional disparities exist in terms of clean air policy implementation and air quality management. More emphasis was placed on, and resources allocated to, the control of pollution in the BTH, YRD and PRD regions. Air pollution hotspots in Central China have also been highlighted. More attention should be paid to Shanxi, Shaanxi, Anhui, Henan, and other provinces, which showed less marked improvements during the first phase of China's clean air policy during 2013-2017 ( Figure 6b ); in fact, follow-up policies in these areas will be implemented shortly. In 2016, the Thirteenth Five-year Plan added PM 2.5 targets to the environmental protection performance indicators, mandating PM 2.5 concentration decreases of over 18% in cities at the prefecture level and above that have not met their air quality targets. In June 2018, the State Council released the new Three-year Action Plan (2018) (2019) (2020) , which included most of the cities in the Shanxi, Shaanxi, and Henan provinces. With implementation of the policies described above, cleaner air should be realized in China in the future.
